Purpose Urinary tract infections (UTIs) are common bacterial infections among children. Objective To systematically review the antimicrobials used for febrile UTIs in paediatric clinical trials and meta-analyse the observed cure rates and reasons for treatment failure.
Introduction
Urinary tract infections (UTIs) are common among children, with an increased incidence in infants [1] . UTIs can be associated with acute complications, such as renal abscesses and urosepsis [2] , as well as long-term renal scarring [2] [3] [4] [5] . The successful treatment of UTIs is complicated by the increasing prevalence of extended spectrum beta-lactamase (ESBL) carriage in children worldwide [6] [7] [8] [9] . Currently, there are limited oral antibiotics available to treat ESBL UTIs [8, 10] and these antibiotics (such as fosfomycin ) have not yet been adequately studied in children [11, 12] . The consequence of the inappropriate treatment of resistant UTIs may lead to high rates of hospital admission, long hospital stays, increased healthcare costs and mortality rates [13, 14] .
We have recently demonstrated marked heterogeneity in study design and endpoints assessed in childhood febrile UTI clinical trials (CTs) [15] . In the current review, our main aim was to: (i) review the antimicrobial drugs used for febrile UTI treatment, in terms of route of administration, dosage and duration; (ii) estimate cure rates with different antibiotic regimens, in children with susceptible or resistant UTIs, with or without underlying conditions; (iii) identify the reasons for treatment failure.
Methods

Search Strategy and Selection Criteria
This systematic review was conducted according to the PRISMA guidelines [16] . We searched Medline, Embase and Cochrane central databases between January 1, 1990 , and November 24, 2016, combining MeSH and free-text terms for: "urinary tract infections", AND "therapeutics", AND "clinical trials" in children (age range 0-18 years). The full search strategy and PRISMA checklist are available in the Supplementary appendix. We included randomized CTs reporting on the clinical and/or microbiological efficacy of antibiotics or other types of antibacterial or anti-inflammatory agents in children presenting with acute febrile UTI. We excluded trials with any cases of uncomplicated UTI, cystitis, or lower UTI, in order to focus exclusively on febrile UTIs (presumed upper UTIs, pyelonephritis). The rationale for the latter was that we aimed to analyse antibiotic selection and dosing, as well as cure rates, which potentially differ significantly between febrile and afebrile UTIs (presumed lower UTIs, cystitis). Studies were also excluded if they included only: (a) patients with underlying conditions (e.g. known major urinary tract abnormalities, immunodeficiency, diabetes, and spinal cord injury), (b) long-term efficacy endpoints (> 1 month).
Two reviewers (KV and RB) independently extracted the following data according to pre-specified criteria: year of publication, study design, participants' characteristics (age, gender, medical history, and diagnosis), pathogen distribution, intervention protocols (drugs, route, dose, duration), cure and failure rates. Disagreements were resolved in discussion with a third reviewer (JB).
Statistical Analysis
The definition of cure rates varied across included studies, assessing clinical and/or microbiological endpoints alone or both [15] . Cure could be assessed during any of the following timings: on antibiotic therapy (OAT) and/or at the end of treatment (EOT) and/or after the EOT [often defined as the test of cure (TOC)], and/or during follow-up [15] . In this study, we extracted clinical and microbiological data separately. For most studies, the principal cure rates were provided for either OAT or EOT/TOC timings. In the studies where there were discrepancies between the rates for these timings, the lowest cure rates were used to estimate the average cure rates, providing more conservative estimates.
Data from both arms of each included trial were extracted and a meta-analysis was performed to estimate the average cure rate in paediatric CTs. A random-effect meta-analysis model was used to obtain an average estimate of the cure rate across studies. This model was selected to control for the inter-study variability effect in the meta-analysis of cure rates. The proportions obtained from each study were pooled using the Freeman-Tukey double arcsine transformation and generated forest plots [17, 18] . I 2 statistic was used to determine heterogeneity [19] . A p value < 0.05 was defined as the presence of statistical significance. Low, moderate, and high heterogeneity was defined to levels of I 2 values of 25, 50, and 75%, respectively [19] . We assessed the risk of bias using the Cochrane Collaboration's tool [20] . To further explore possibility reasons for heterogeneity, we carried out subgroup meta-analysis on the type of cure assessed (microbiological or clinical), timing for endpoints assessment (OAT and EOT/TOC), and drug class of the initial antibiotic therapy. In addition, we analysed cure rates for the intentionto-treat (ITT) populations and the per-protocol populations when data were available.
All statistical analyses were performed with R statistical package 3.3.2 (R Foundation for Statistical Computing, Vienna, Austria). A p value < 0.05 was considered statistically significant.
Results
Trial Selection Description
We identified 2762 published studies and 30 were included in the final analysis (Fig. 1 
Population Characteristics
A total of 3913 children aged from 1 week to 18 years were included in the 30 CTs. The patient characteristics are reported in Table 1 
Antibiotic Treatment
A total of 10 intravenous and 12 oral antibiotics were used in the paediatric febrile UTI CTs. Table 2 shows the antibiotics used for febrile UTI treatment. Penicillins, cephalosporins, and aminoglycosides were the most commonly used antibiotic classes [22] [23] [24] [25] [26] [27] . Cephalosporins were the most frequent antimicrobial class studied, with 12 different drugs being evaluated in 22 trials (73.3%), [22-26, 30-32, 36-41, 44, 47-50] while aminoglycosides and penicillins were assessed in 11 (36.7%) [27, 29, 31, 33, 34, 39, 40, 42, 43, 45, 46] and 6 (20.0%) [35, 37, 39, [42] [43] [44] studies, respectively (Table 2 ). There were only 3 antibiotics belonging to different antibiotic classes that were used for febrile UTI treatment, mainly cotrimoxazole, which was used in 5 studies [22, 29, 30, 36, 41] (Table 2) . Six supplemental drugs were prescribed in addition to antibiotics [21, 33, 42, [48] [49] [50] ( Table 2 ). In terms of intravenous agents with potential activity against ESBL-producing bacteria, only isepamicin, netilmicin, amikacin and temocillin were prescribed for treatment. Only one oral agent potentially active against ESBL-producers (amoxicillin-clavulanic acid, though with limited activity) was tried in four trials as the initial antibiotic intervention [35, 37, 43, 44] . No carbapenem was used as an interventional drug in the included randomised CTs. The details of dosages prescribed for treatment are presented in Table 2 . The length of treatment for each antibiotic varied, ranging from 1 day to 18 days ( Table 2 ).
Risk of Bias
The assessment of risk of bias is shown in Supplementary Table 1, Supplementary Fig. 1 and Supplementary Fig. 2 . Supplementary Fig. 1 shows the proportion of studies assessed as low, high or unclear risk of bias for each risk of bias indicator. Supplementary Fig. 2 shows the risk of bias indicators for individual studies. The highest risk of bias was observed in the blinding of participants/personnel (27/30, 90.0%) [22-32, 34-48, 50] and other potential sources of bias (17/30, 56.7%) [21-23, 30, 32, 34, 36, 38-44, 47, 49, 50] . We observed lower risk of bias (18/30, 60.0%) in the amount of incomplete outcome data [22, 23, 25, 27-29, 31-36, 39, 43, 44, 46, 47, 50] and in the selective reporting of outcome data (19/30, 63.3%) [22, 23, 25, 27, 29-34, 36, 37, 40, 41, 43, 44, 47, 49, 50] . Bias was predominantly unclear in the concealment of allocations in participants in 60.0% (18/30) of studies [23, 24, 26, 27, 29, 31, 32, 34, 35, 40, 41, 43, 44, [46] [47] [48] [49] [50] . The risk of bias is presented in full detail in Supplementary Table 1.
Cure Rates
In 30 included CTs, the clinical and/or microbiological cure rates were extractable in 24 studies [22, 23, 25, 27-41, 43, 44, 46, 47, 49, 50] . We divided 24 studies into 47 independent arms (Supplementary Table 1 ); in one study, patients received the same antibiotic in both groups in different healthcare settings (inpatients vs outpatients) [40] . Overall, the cure rates varied from 80 to 100% with the average point cure rate estimate being 95.3% (95% CI 93.5-96.9%) (Fig. 2) , with a prediction interval of 82.8-100.0%. We observed high heterogeneity with an I 2 of 76.7% (95% CI: 69.2-82.3%; between-study standard error = 0.018] (p < 0.0001). In order to explore the high heterogeneity, subgroup analyses were carried out. Subgroup analysis revealed heterogeneity was high when assessing clinical or microbiological cures, as well as when the cure rate was assessed during on-antibiotic Fig. 1 Diagram for study selection. UTI urinary tract infection. *Excluded publication types were: review, meta-analysis, observational study, case report, not randomized trials, editorial, comment. **Excluded population were: cystitis, urinary tract abnormalities, underlying disorders, inconsistent pathogen, mixed infections with no specific data on urinary tract infections therapy (OAT) or during the end of treatment (EOT) or the test of cure (TOC) ( Table 3 ). This suggests that the type of cure assessed, or the timing of the assessment, may have been potential sources of heterogeneity. Nonetheless, heterogeneity was low when using aminoglycosides (I 2 = 0.0%) as the initial interventional drug, in contrast to studies assessing cephalosporins (I 2 = 70.9%) ( Table 3) . Similar results were observed with aminoglycosides in all subgroups, while low heterogeneity was observed for studies assessing clinical cure when cephalosporins were used (Table 3) . Subgroup analysis regarding other interventional drugs (penicillins, sulphonamides or combinations) have to be interpreted cautiously due to the low number of studies in each subgroup. Finally, three studies [27, 31, 36] assessed the cure in the ITT population and 16 [25, 27-30, 33, 35-38, 40, 41, 46, 47, 49, 50] in the per-protocol population. The average estimate for clinical and microbiological cure rates in the ITT population were 96.5% (91.1-99.6%, I 2 = 87.3%, p = 0) and 97.3% (95.7-98.6%, I 2 = 0%, p = 0.784), respectively; while they were 95.7% (93.7-97.3%, I 2 = 54.4%, p = 0.006) and 97.0% (95.4-98.4%, I 2 = 69.7%, p = 0), respectively, when assessed in the per-protocol population. 
Discussion
Principal Findings
Paediatric febrile UTI CTs have mostly included beta-lactams and aminoglycosides, whereas only a few antibiotics active against multi-drug-resistant UTIs have been tested. In this review, we observed very high treatment cure rates for childhood UTIs in CTs, regardless of the investigational drug chosen, the route of administration, duration and dosing. However, in these CTs, the population consisted mainly of patients with no underlying conditions, while isolates resistant to the main investigational drug have been predominantly excluded.
Strengths and Limitations
In the studied CTs, we estimated the average treatment cure rate to be 95.3% (95% CI 93.5-96.9%). Although the lowest cure rates were selected to provide a conservative approach, high cure rates were consistently observed for most of the antibiotics used, even when subgroup analysis was performed to assess heterogeneity. The provided cure rates in this paper can potentially be used to better inform the future design, sample size calculations and analysis in childhood febrile UTI non-inferiority trials. However, the design of such trials appears limited as the paediatric UTI population is mainly represented from children with no comorbidities (66.5%) and susceptible UTIs such as UTIs resistant to the study drug were either primarily or secondarily excluded. Such populations of predominantly healthy children consistently exhibit high rates of clinical and microbiological cure.
Reporting of outcome data in UTI CTs was fairly complete (up to 63.3%) in our study, while blinding of the participants and the concealment of allocations proved challenging in paediatric CTs. The risk of bias regarding blinding participants/personnel was high (90.0%) as compared to another systematic review of antibiotic trials in neonatal infections [52] where the risk was high or unclear in 46.0% of studies. The allocation bias was quite unclear in both paediatric (60.0%) and neonatal CTs (54.0%) [52] . Finally, the poor reporting of the initial resistance patterns, as also shown in our study, did not allow us to infer any estimates for the ESBL-producing or other resistant UTIs. Most studies did not also report resistance patterns separately by control and intervention groups, which made it impossible to analyse their effect on acquisition of resistance, especially in cases of recurrence of a UTI.
The main limitation of our study is the potential overestimation of the average point cure rate estimate which may be associated with the point that in 11 (36.7%) studies [24, 26, 27, 29, 30, 34-36, 44, 45, 49] , patients infected with a pathogen resistant to the study drug were secondarily excluded, resulting in an E. coli isolates overrepresentation, as compared with previous reviews on paediatric UTIs [53] [54] [55] [56] . In this way, rates of resistance have been underestimated suggesting the limited use of the data for studies on ESBLproducing or other resistant UTIs and the potential overestimation of the clinical and microbiological success of the study drugs. About 30% of included studies also assessed the cure rates during OAT when urine sterilisation is expected to be higher during treatment due to the active presence of the antibiotic. Moreover, some antibiotic studies may have been missed as CTs before 1990 have been excluded due to the perceived lack of regulatory guidance for antibiotic CTs in the paediatric population prior to this date. A recent systematic review on antibiotic clinical trials in children has pointed out that the quality of outcomes reporting for clinical trials is inadequate and adheres poorly to the CONSORT guidelines [57] . Finally, high heterogeneity was observed in our meta-analysis, which is probably due to the variable studies design, definitions of cure rates, various timings for therapy endpoint assessment (OAT or EOT or TOC), and different intervention antibiotics used-as we have previously noted [15] .
Results in the Context of Existing Research
Recent reviews on paediatric febrile UTIs focused on diagnosis [53, 55] , antibiotic treatment duration, prophylaxis for the risk of renal scarring development [58] , or guidelines for management of paediatric febrile UTIs. Several studies included meta-analyses to compare different antimicrobial regimens used in the CTs. Those studies mainly evaluated the efficacy of oral antibiotic therapy versus initial IV therapy followed by oral therapy; or the efficacy of short duration versus long duration therapy [56, [59] [60] [61] . To our knowledge, this is the first review providing a comprehensive description of all antibiotic treatments providing point estimates for clinical and microbiological cure rates in paediatric febrile UTI CTs.
High rates of resistance to third-generation cephalosporins [6, 7] and increased prevalence of ESBL infections is being observed in children worldwide [9] . Carbapenems are widely used to treat such infections [11] . However, there are currently no CTs evaluating the effectiveness of carbapenems against paediatric ESBL UTIs and any evidence for carbapenem use for ESBL UTI treatment comes mainly from observational studies [62] [63] [64] [65] . Two on-going clinical trials are assessing safety and efficacy of doripenem, cefepime or ceftazidime-avibactam (https ://clini caltr ials. gov/; NCT01110408, NCT02497781), but the results are not yet available.
Of note, in our meta-analysis, the average cure rate was estimated to be 95.3%, which seems higher than in complicated UTIs in adults, where the microbiological eradication rate has been historically estimated to be 70% [66] and recently 80% for doripenem, levofloxacin and imipenemcilastatin [67] . This is most likely related to the different background of adult patients with a complicated UTI. Adults with a complicated UTI usually have an underlying functional or anatomic abnormality of the urinary tract or a permanent urinary catheter [68] , while pyelonephritis is only a fraction of complicated UTIs.
Future Steps
Our findings support the need for the conduct of pragmatic trials on MDR infections in children, including ESBL-producers and carbapenemase resistant organisms. These trials should explore the efficacy of oral and intravenous antibiotics against childhood febrile UTIs. These agents may be either newly developed (e.g. new beta-lactam/BLI combinations) or revived older off-patent antibiotics (e.g. fosfomycin). Observational, prospective cohort studies are required to inform the study design, treatment and outcomes for MDR febrile UTI trials.
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